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We investigate an electroweak interacting dark matter (DM) model in which the DM is the neutral 
component of the SU(2)L triplet fermion that couples to the standard model (SM) Higgs sector via an 
SM singlet Higgs boson. In this setup, the DM can have a CP-violating coupling to the singlet Higgs 
boson at the renormalizable level. As long as the nonzero Higgs portal coupling (singlet-doublet Higgs 
boson mixing) exists, we can probe CP violation of the DM via the electric dipole moment of the electron. 
Assuming the O(1) CP-violating phase in magnitude, we investigate the relationship between the electron 
EDM and the singlet-like Higgs boson mass and coupling. It is found that for moderate values of the Higgs 
portal couplings, current experimental EDM bound is not able to exclude the wide parameter space due 
to a cancellation mechanism at work. We also study the spin-independent cross section of the DM in 
this model. It is found that although a similar cancellation mechanism may diminish the leading-order 
correction, as often occurs in the ordinary Higgs portal DM scenarios, the residual higher-order effects 
leave an O(10−47) cm2 correction in the cancellation region. It is shown that our benchmark scenarios 
would be fully tested by combining all future experiments of the electron EDM, DM direct detection and 
Higgs physics.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.1. Introduction
The existence of dark matter (DM) in the Universe is ﬁrmly es-
tablished by cosmological and astronomical observations, with its 
relic abundance measured by the comic microwave background be-
ing [1]
CDMh
2 = 0.1198± 0.0026 , (1)
where h is the reduced Hubble constant. In spite of the undoubted 
existence, we still do not know where to put the DM in the particle 
spectrum due to the lack of solid evidence from direct searches 
and identiﬁcation of its quantum numbers.
Although the standard model (SM) is very successful in ex-
plaining most empirical observations in particle physics, one of its 
shortcomings is the absence of a DM candidate. To amend this, 
there have been many proposals to extend the SM with a dark sec-
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SCOAP3.tor, in which the lightest member, serving as a DM, cannot decay 
into SM particles due to some dark charge.
Weak-interacting massive particles (WIMPs) have attracted 
much attention as candidates for the DM because it is naturally 
accommodated in the TeV-scale physics. For example, non-singlet 
DMs under the SU(2)L × U (1)Y emerge in supersymmetric (SUSY) 
models such as the minimal supersymmetric SM (MSSM) (see, e.g., 
Ref. [2] for a review). On the other hand, isospin singlet DMs com-
monly appear in the context of the Higgs portal scenarios in which 
the DMs can communicate with the SM particles only via the 
Higgs sector [3–10]. A lot of work has been done based on ef-
fective ﬁeld theories or on speciﬁc renormalizable models, with 
both approaches complementary to each other. The former has a 
strong power in probing the dark sector in a model-independent 
way. However, some phenomena such as accidental cancellations 
due to light particles are often improperly described within this 
framework, and the latter is more appropriate to address such is-
sues.
One of the unknown properties of the DM is its CP nature. In 
renormalizable fermionic DM Higgs portal scenarios, it is possible 
for the DM to have both scalar and pseudoscalar couplings (de-
noted by gS and gP , respectively). Explicitly, one may have under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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(
gS + iγ5gP
)
χ + h.c. , (2)
where S is an isospin singlet scalar playing the role of messen-
ger between the dark sector and Higgs sector, and the phase of 
fermionic DM ﬁeld χ is already rotated so that its mass is real. If 
χ is a singlet under the SM gauge symmetry, it will be hard to 
probe CP violation in the dark sector as its effect appears only at 
loop levels in the Higgs sector. If χ participates in the electroweak 
interactions, on the other hand, we may detect the existence of 
such CP violation in electric dipole moment (EDM) experiments.
In EW-interacting DM (EWIMP) scenarios [11,12], the interac-
tions between the DM and the gauge bosons are ﬁxed by the 
ordinary gauge couplings, leaving the DM mass the only unknown 
parameter. However, the DM mass is also completely determined 
once the thermal relic scenario is assumed. For example, the DM 
mass should be around 3 TeV in the Wino case [11,12]. In the non-
thermal relic scenario, on the other hand, the relic density could 
be explained by nonthermal production of the DM from heavier 
particles. In this case, it is conceivable that the DM mass can be as 
light as O(100) GeV.
In this Letter, we consider a model in which the DM resides in 
an SU(2)L triplet fermion with hypercharge Y = 0 (Wino-like DM)1
and the interaction given in Eq. (2). Here we do not conﬁne our-
selves to the thermal relic scenario and, therefore, the DM mass 
is taken as a free parameter. In this framework, we study the CP-
violating effects coming from the dark sector on the electron EDM 
in connection with Higgs physics. Throughout the analysis, the sin-
glet scalar S is assumed to be lighter than 1 TeV. For the heavy S
case, the interaction between χ and Higgs doublet (H) would be 
described by the dimension-5 operator H†Hχ¯ c(g′ S + iγ5g′ P )χ/
after integrating out the S ﬁeld. Recent studies on the connec-
tions between CP violation and the EWIMP using the effective 
Lagrangian can be found in Refs. [14,15].
The structure of this paper is as follows. In Section 2, we de-
scribe the DM model, with particular emphasis on the Higgs and 
dark sectors. Stability and global minimum conditions for the Higgs 
potential are discussed. We also provide the Higgs couplings with 
the SM particles and the triplet fermions. Section 3 discusses ob-
servables that can be used to constrain or test the model. Numer-
ical results of these observables are presented in Section 4. Our 
ﬁndings are summarized in Section 5.
2. The model
We consider a model in which the DM candidate arises from 
an SU(2)L triplet (Wino-like) fermion ﬁeld χ and couples to the 
SM Higgs sector via an SU(2)L singlet scalar ﬁeld S . Both χ and S
are assumed to carry no hypercharge. The relevant interactions are 
described by the Lagrangian
L⊃
(
DμH
†
)(
DμH
)+ μ2H H†H − λH |H†H|2
+ 1
2
∂μS∂
μS + iχ¯aσ¯ μDμχa
− 1
2
[
Mχaχa + λSχaχa + κ H˜† τ
a
2
Lχ
a + h.c.
]
− μ3S S −
m2S
2
S2 − μ
′
S
3
S3 − λS
4
S4 − μHS H†HS
− λHS
2
H†HS2 , (3)
1 Other than SUSY and inspired models, the SU(2)L triplet fermions also emerge 
in a speciﬁc DM model that achieves gauge coupling uniﬁcation [13].where χa denote 2-component spinors, H˜ = iσ 2H∗ and σ¯ μ =
(1, −σ i) with σ i being the Pauli matrices, and the covariant 
derivative acting on the ﬁeld χa is
Dμχ
a = ∂μχa − g2abc Abμχ c , (4)
with g2 being the SU(2)L gauge coupling. We impose the Z2 sym-
metry, χ → −χ , so that the third term involving the lepton dou-
blet L in the square bracket of Eq. (3) drops out, and the neutral 
component of χ becomes a DM candidate. Phenomenology of DM 
without the singlet Higgs boson is well studied (see, for example, 
Refs. [11,12]).
We parameterize the Higgs ﬁelds as follows:
H(x) =
(
G+(x)
1√
2
(
v + h(x) + iG0(x))
)
, S(x) = v S + hS(x) , (5)
where v = 246 GeV, and G+ and G0 are the Nambu–Goldstone 
bosons. The Higgs sector of this model is the same as the real 
singlet-extended SM (rSM). Here we give a quick review of rSM to 
make the paper self-contained. The tadpole conditions are〈
∂V
∂h
〉
= v
[
−μ2H + λH v2 + μHS v S +
λHS
2
v2S
]
= 0 , (6)
〈
∂V
∂hS
〉
= v S
[
μ3S
v S
+m2S + μ′S v S + λS v2S +
μHS
2
v2
v S
+ λHS
2
v2
]
= 0 , (7)
where 〈· · · 〉 means that the quantity in the bracket is evaluated in 
the vacuum. These two tadpole conditions can be used to solve for 
μ2H and m
2
S in terms of the other parameters. Assuming v, v S 	= 0, 
the squared-mass matrix of the Higgs bosons in the vacuum is cast 
into the form
M2H =
(
2λH v2 μHS v + λHS vv S
μHS v + λHS vv S −μ
3
S
v S
+ μ′S v S + 2λS v2S − μHS2 v
2
v S
)
,
(8)
which can be diagonalized by an orthogonal matrix as
O (α)TM2H O (α) =
(
m2H1 0
0 m2H2
)
,
O (α) =
(
cosα − sinα
sinα cosα
)
, (9)
where −π/4 ≤ α ≤ π/4. Here we assume that the mass eigen-
values satisfy mH1 < mH2 , and mH1 = 125 GeV. The scenario of 
no mixing between the H and S ﬁelds (α → 0) occurs in both 
the alignment limit μHS = −λHS v S and the decoupling limit 
−μ3Sv S + μ′S v S + 2λS v2S −
μHS
2
v2
v S
 2λH v2.
The tree-level effective potential is given by
V0(ϕ,ϕS) = −μ
2
H
2
ϕ2 + λH
4
ϕ4 + μHS
2
ϕ2ϕS + λHS
4
ϕ2ϕ2S
+ μ3SϕS +
m2S
2
ϕ2S +
μ′S
3
ϕ3S +
λS
4
ϕ4S , (10)
where ϕ and ϕS are respectively the classical background ﬁelds of 
h and hS , and μ2H and m
2
S are given by Eqs. (6) and (7). In order for 
the potential to be bounded from below, we impose the following 
conditions on the quartic couplings:
λH > 0 , λS > 0 , −2
√
λHλS < λHS , (11)
where the last condition is needed in particular when λH S takes 
negative values. Since V0(ϕ, ϕS) is not symmetric under the trans-
formation ϕS → −ϕS , it is possible for V0(ϕ, ϕS ) to have another 
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(v, v S ). In Ref. [8], the conditions for the electroweak vacuum to 
be the global minimum are investigated and, as a result, it is found 
that√
λS
2
|v S | <mH2 <
√
2λS |v S | , (12)
under the conditions α = μS = 0 and √λHS v  √λS |v S |. The left 
inequality is derived by requiring that the electroweak vacuum has 
a lower energy than the symmetry vacuum, while the right in-
equality is obtained by demanding that the electroweak vacuum 
be lower than another local minimum on the v S axis.2 It is noted 
that numerically Eq. (12) is still a good approximation even when 
α ∼ 0.2 [rad]. Moreover, one can turn the inequalities into
mH2√
2
<
√
λS |v S | <
√
2mH2 . (13)
Therefore, if another neutral Higgs boson is found experimentally, 
one can use its mass to bound 
√
λS |v S | in the above-mentioned 
limit of the model.
Note that the constraint in Eq. (12) is derived from the tree-
level potential given in Eq. (10). Thus, it may change after in-
cluding one-loop corrections, especially from the χ -loops. How-
ever, as long as the magnitudes of λ’s and α are moderate, which 
we assume throughout this paper, the tree-level result still re-
mains intact. For the explicit one-loop demonstration in the singlet 
fermionic DM model, see Ref. [8].
The Higgs coupling constants relevant for our analysis are
LHi V V =
1
v
∑
i=1,2
gHi V V Hi(m
2
Z ZμZ
μ + 2m2W W+μW−μ) ,
LHi f¯ f = −
m f
v
∑
i=1,2
g
Hi f¯ f
Hi f¯ f ,
LHχχ = −
∑
i=1,2
Hiχ+
(
gSHi χ¯χ + iγ5gPHi χ¯χ
)
χ+
− 1
2
∑
i=1,2
Hiχ0
(
gSHi χ¯χ + iγ5gPHi χ¯χ
)
χ0 , (14)
where χ+(0) are the 4-component Dirac (Majorana) fermions and
gH1V V = gH1 f¯ f = cα, gH2V V = gH2 f¯ f = −sα ,
gSH1χ¯χ = |λ| cos δφsα, gPH1χ¯χ = −|λ| sin δφsα ,
gSH2χ¯χ = |λ| cos δφcα, gPH2χ¯χ = −|λ| sin δφcα , (15)
with λ = |λ|eiφλ , Mχ = M + λv S = |Mχ |eiφMχ , and δφ ≡ φλ − φMχ
being the only physical CP-violating phase in the new sector. 
Here we have also used the shorthand notations sα = sinα and 
cα = cosα. Naïvely, we expect that the phase δφ ∼O(1) and will 
discuss its effects in various observables. At tree level, χ± and χ0
are degenerate in mass, given by |Mχ | above. As will be discussed 
in the next section, such a degeneracy is lifted by radiative cor-
rections. We will thus use mχ± and mχ0 to denote the physical 
masses of χ± and χ0, respectively.
2 The existence of such a nontrivial vacuum commonly happens in the context of 
strong ﬁrst-order electroweak phase transition, as needed for successful electroweak 
baryogenesis [16,17]. However, the condition 
√
λHS v  √λS |v S | usually does not 
hold in such cases so that the mass bound (12) is not valid.3. Phenomenology
Although the Higgs sector of the current DM model is virtually 
the same as that proposed in Refs. [6–9], there are signiﬁcant dif-
ferences in certain phenomena due to the triplet fermion ﬁeld χa . 
Therefore, we will focus exclusively on the observables with dis-
tinctive features in this analysis, especially those being well con-
strained by experiments and likely to have improvements in the 
near future.
In this model, the dark sector participates in electroweak inter-
actions. Therefore, under the assumption of a nonzero CP-violating 
phase, it will contribute to the EDMs of electron, neutron and 
atoms. The most stringent bound of all comes from the recent 
experimental measurement of the thorium-monoxide EDM, which 
places an upper bound on the electron EDM [18]:
|de| < 8.7× 10−29 e cm at 90% C.L. , (16)
where e denotes the electric charge of the positron. As is well 
known, the two-loop Barr–Zee diagrams can have signiﬁcant con-
tributions [19]. For the electron EDM, the preponderant diagram 
involves the Higgs boson and photon in the loop and gives(
de
e
)
Hγ
= αem
8π3
me
mχ± v
∑
i
gHi e¯e g
P
Hi χ¯χ
g
(
m2
χ±
m2Hi
)
= −αem
8π3
me
mχ± v
|λ| sin δφsαcα
×
[
g
(
m2
χ±
m2H1
)
− g
(
m2
χ±
m2H2
)]
, (17)
where αem = e2/(4π), Eq. (15) is used to obtain the second line, 
and the loop function g(τ ) is deﬁned as
g(τ ) = τ
2
1∫
0
dx
1
x(1− x) − τ ln
(
x(1− x)
τ
)
. (18)
In the approximation of mχ± mH1,2 , we have(
de
e
)
Hγ
 − αem
16π3
me
mχ± v
|λ| sin δφsαcα ln
(
m2H2
m2H1
)
. (19)
As expected, the EDM is proportional to the sine of the CP-
violating phase δφ . Besides, it would be vanishing if the triplet 
fermion does not couple with the real scalar or in the limit of 
α → 0. Finally, the EDM would also be suppressed if the two Higgs 
bosons are almost degenerate in mass, a consequence of the or-
thogonality of the mixing matrix O (α).
The spin-independent cross section of the DM with a nucleon 
at leading order is given by
σSI(χ
0N → χ0N) =
μ2
χ0N
m2N
π v2
(
gSH1χ¯χ
m2H1
cα −
gSH2χ¯χ
m2H2
sα
)2
×
⎛
⎝ ∑
q=u,d,s
f Tq +
2
9
f TG
⎞
⎠
2
=
μ2
χ0N
m2N
π v2
|λ|2s2αc2α cos2 δφ
(
1
m2H1
− 1
m2H2
)2
×
⎛
⎝ ∑
q=u,d,s
f Tq +
2
9
f TG
⎞
⎠
2
, (20)
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of the DM-nucleon system, and f Tq and f TG are the nucleon mass 
fractions of quark and gluon, respectively. In the numerical study 
of the DM-proton cross section, we take f Tu = 0.019, f Td = 0.027, 
f Ts = 0.009, and f TG = 1 −
∑
q=u,d,s f Tq = 0.945, which are calcu-
lated in Ref. [20] based on the results of Refs. [21,22].3 As men-
tioned above, σSI(χ0N → χ0N) would be suppressed if mH1 
mH2 , the importance of which had been emphasized in Refs. [6,7]
(see also Refs. [8,25]). To have an observable cross section, we also 
need suﬃciently large couplings between S and χ and mixing be-
tween the two Higgs bosons.
In the case that the above leading-order contribution is highly 
suppressed, higher order effects should be taken into account. 
Ref. [26] has evaluated the dominant electroweak loop corrections 
induced by the scatterings of the EWMIP with the light quarks and 
gluon, assuming only one Higgs doublet of the SM. To our knowl-
edge, there is no such a calculation with multiple Higgs bosons, 
and thus more precise estimates are still unknown. Nevertheless, 
as we will see in the next section, since the experimentally fa-
vored region is cosα  0.95, the singlet Higgs boson effect in our 
model has a suppression factor of (1 − cos2 α)  0.1 and is ex-
pected to be subleading. In our numerical study, the higher-order 
corrections are estimated using the results of Ref. [26] as a ﬁrst 
step toward the complete analysis.
Recently, QCD corrections up to next-to-leading order in αs to 
σSI in the EWIMP without the singlet scalar have also been ﬁn-
ished [27] (see also Ref. [28]). It is found that the Wino-proton 
cross section is σ pSI = 2.3 × 10−47 cm2 for a wide mass range 
around 1 TeV. It is noted, however, that if the suppression at the 
leading order is due to the proximity of the two Higgs mass eigen-
states, the cancellation is to all orders in strong interactions.
The Higgs signal strengths are useful observables to probe the 
structure of the Higgs sector. Without the dark sector, the signal 
strengths of H1 are universally scaled by c2α , provided Br(H1 →
H2H2) = 0, as assumed throughout this paper. Once the dark sec-
tor is taken into account, however, the signal strengths are modi-
ﬁed mainly due to the contributions of charged χ to the diphoton 
mode:
μX  σ(pp → H1 → X)
σ (pp → H1 → X)SM 
c4α
tot
SM
tot
,
where X = Z Z∗, WW ∗, f¯ f , (21)
tot = c2αtotSM|w/o (H1→γ γ ) + (H1 → γ γ )
+ (H1 → χ+χ−) + (H1 → χ0χ0) . (22)
In what follows, we assume that χ±, χ0 are suﬃciently heavy so 
that the last two decays in Eq. (22) are kinematically forbidden. 
Since the diphoton mode has a relatively small partial width, we 
have tot  c2αtotSM and μX  c2α for the Z Z∗ , WW ∗ , f¯ f channels. 
On the other hand, the signal strength of H1 → γ γ takes the form
μγγ  c2α
Br(H1 → γ γ )
Br(H1 → γ γ )SM
=
[∣∣∣∣cα + A
S
χ
ASM
∣∣∣∣
2
+
∣∣∣∣ A
P
χ
ASM
∣∣∣∣
2
]
c2α
tot
SM
tot
, (23)
where ASM = −6.49 [29], totSM  4.1 MeV [30], and
ASχ =
vgSH1χ¯χ
mχ±
2τχ
{
1+ (1− τχ ) f (τχ )
}
,
3 For a recent study of f Tq , see Refs. [23,24]. We have conﬁrmed that our numer-
ical results of σ pSI do not change much when using their values of f Tq .APχ =
vgPH1χ¯χ
mχ±
2τχ f (τχ ) , (24)
with τχ = 4m2χ±/m2H1 and the loop function f (τχ ) deﬁned in 
Ref. [31]. In the limits of small α and large mχ± , μγγ reduces 
to
μγγ  c2α
[
1+ 8v
3mχ±ASM
|λ| cos δφtα
]
, (25)
where terms of higher order in tα and v/mχ± have been ne-
glected. Therefore, μγγ (∼ c2α) would be suppressed in this limit. 
However, it should be stressed that the reduction factor differs 
from both the Higgs portal DM models, such as those in Refs. [7,8,
25], and the Wino DM case in the EWIMP scenarios [11,12]. Since 
the CP-violating part does not interfere with the SM contribution, 
as seen in Eq. (23), its effect is higher order in powers of tα and 
v/mχ± .
4. Numerical analysis
Before presenting numerical results, we ﬁrst summarize some 
current experimental constraints. The current LHC data constrain 
the Higgs boson couplings of H1 as [32–35]
κV = 1.09± 0.07 (ATLAS), κV = 1.01+0.07−0.07 (CMS), (26)
κF = 1.11± 0.16 (ATLAS), κF = 0.89+0.14−0.13 (CMS), (27)
μγγ = 1.17± 0.27 (ATLAS), μγγ = 1.14+0.26−0.23 (CMS). (28)
In this model, κV = gH1V V = cα , κF = gH1 f¯ f = cα . Furthermore, 
direct searches of the second Higgs boson have been conducted 
using the diboson decay modes, and mH2 is bounded as a function 
of sin2 α with Bnew = 0.0, 0.2 and 0.5, where Bnew denotes the 
contribution to the Higgs boson width from non-SM decays [36]. 
In the current analysis, we take Bnew = 0.0 in order to impose a 
most conservative constraint on mH2 and α.
Direct searches of DM through spin-independent interactions 
have been carried out in many experiments, restraining possi-
ble DM-nucleon scattering cross section σSI over a wide range 
of mass, from a few GeV to TeV. Currently, the strongest bound 
on σSI comes from the LUX experiment [37]. For instance, σSI 
4.7 (33) × 10−45 cm2 for mχ0 = 400 (2900) GeV.
With a mild dependence on Mχ , the mass difference is M ∼
O(100 MeV) [38,39]. As a consequence, χ± have a relatively long 
lifetime of O(0.1) ns, with the dominant decay mode of χ± →
π±χ0. We can probe such a meta-stable particle at colliders by 
identifying the disappearance of a charged track. The ATLAS Collab-
oration has put a constraint on such a long-lived charged particle. 
With the LHC Run-1 data, the lower bound of mχ0 is found to 
be [40]
mχ0 > 270 GeV (95% CL). (29)
The constraints coming from the cosmic rays are also impor-
tant. Ref. [41] analyzed the observations of gamma-rays from clas-
sical dwarf spheroidal galaxies, and found that
320 GeVmχ0  2250 GeV , 2430 GeVmχ0 , (30)
and mχ0  2900 GeV from the DM relic abundance constraint.
In the following analysis, we also regard the case of mχ0 =
2900 GeV as the thermal relic scenario inferred by the Wino DM 
case. This holds as long as the coupling between χ and S is 
smaller than the gauge couplings. If this is not the case, the DM 
mass might be changed due to the additional Sommerfeld effect 
induced by S . Although it is interesting to investigate such a case, 
C.-W. Chiang, E. Senaha / Physics Letters B 750 (2015) 147–153 151Fig. 1. Constraints and predictions of observables in the mH2 –κV plane. The green dashed curve is for the lower bound on κV ; the red dotted lines for μγγ ; the black 
solid curves for |de |; and the blue dot-dashed curve for σ pSI . We take mχ0 = 2900 GeV, |λ| = 0.1, and δφ = 45◦ (left) or δφ = 90◦ (right). In the right plot, we have 
σ
p
SI  1.5 × 10−47 cm2 in the entire region, which is the loop corrections.
Fig. 2. Same as Fig. 1, but with mχ0 = 400 GeV.the detailed analysis leaves the main scope of this Letter. Through-
out our analysis, we take |λ| = 0.1 and focus on sin δφ ≥ 1/
√
2, 
which yields gSH2χ¯χ  0.07.
We ﬁrst present the results for mχ0 = 2900 GeV. In Fig. 1, μγγ , 
|de| and σ pSI are shown in the (mH2 , κV ) plane, taking δφ = 45◦
(left) and 90◦ (right). The green dashed curve gives the lower 
bound on κV obtained by CMS with Bnew = 0 [36]. When one 
takes a ﬁnite value for Bnew, the curve will shift downwards. The 
red dotted lines represent μγγ = 0.95 (top) and 0.9 (bottom). 
Since the effects of χ± are substantially decoupled, the deviation 
of μγγ is virtually due to c2α (= κ2V ), as seen in Eq. (25). The 
contours of electron EDM are displayed by the black solid lines: 
|de| = 10−29 e cm and 10−30 e cm from bottom to top. The current 
bound is outside the region. As discussed above, the cancellation 
between H1 and H2 corrections gets more prominent as mH2 ap-
proaches 125 GeV. Therefore, the maximal CP violation case is still 
allowed even if the electron EDM is improved to 10−30 e cm. We emphasize that this possibility cannot be encoded in the effective 
ﬁeld theory approach as mentioned in Introduction.
For the δφ = 45◦ case, the contour of the DM direct detec-
tion cross section σ pSI = 10−46 cm2 is also shown by the blue 
dot-dashed curve. Similar to the election EDM, the cancellation 
mechanism is at work when mH1  mH2 . Note that even if the 
leading contribution in σ pSI vanishes, the NLO contribution (σ
p
SI 
1.5 ×10−47 cm2) still remains, which yields the minimum value in 
the region we are considering here. For the δφ = 90◦ case, on the 
other hand, there is no leading-order correction since σ pSI ∝ cos2 δφ , 
as shown in Eq. (20). In this case, we have σ pSI  1.5 × 10−47 cm2
in the entire region.
The results for mχ0 = 400 GeV are given in Fig. 2, with no 
change in the green dashed curve and red dotted lines from Fig. 1. 
The change in the blue dot-dashed curve is tiny because the de-
pendence of mχ0 enters via the reduced mass μχ0N . However, the 
152 C.-W. Chiang, E. Senaha / Physics Letters B 750 (2015) 147–153Fig. 3. Contours of electron EDM (solid black lines), spin-independent DM-nucleon scattering cross section (blue dot-dashed line), and allowed DM mass ranges in the plane 
of mH2 and mχ0 , taking |λ| = 0.1, cosα = 0.96, and δφ = 45◦ (left) or δφ = 90◦ (right).current experimental bound, indicated by the curve labeled dEXPe , 
has ruled out the parameter space below it at 90% CL. Neverthe-
less, we point out that a substantially large region is still viable 
owing to the cancellation mechanism.
So far, we have focused on mχ0 = 2900 GeV and 400 GeV as 
two benchmark values. Let us now consider the other cases of 
mχ0 . In Fig. 3, we show the contours of |de| (solid black lines), 
σ
p
SI (blue dot-dashed line), and allowed DM mass ranges (magenta 
dashed lines) given in Eq. (30) in the mH2–mχ0 plane, again tak-
ing δφ = 45◦ (left) and 90◦ (right). From these plots, one can ﬁnd 
that the electron EDM has the speciﬁc dependences of mH2 and 
mχ0 , and the patterns of which are the unique characterization of 
this DM model. We here note that if the experimental bound is 
improved to |de| = 10−30 e cm, the only possible value of mH2 is 
around 125 GeV, and its sensitivity to mχ0 is lost.
For the DM direct detection, the contour of σ pSI = 10−46 cm2 is 
given in the case of δφ = 45◦ . As seen, σ pSI is not sensitive to the 
DM mass since the leading contribution in σ pSI is mostly controlled 
by α, gSH1χ¯χ , g
S
H2χ¯χ
and mH2 , and the mχ0 dependence enters 
only via μχ0N , as mentioned above.
Before closing this section, a few remarks about future pros-
pects are in order. The improvements in the bounds on κV , μγγ
and mH2 are in progress at LHC Run-2, and will continue in fu-
ture collider experiments, such as the high-luminosity LHC [42], 
International Linear Collider [43] and TLEP [44]. For instance, the 
sensitivity of κV is expected to be improved up to O(0.1)% at the 
latter two lepton colliders.
The projected sensitivity of the electron EDM in future experi-
ments is around 10−30 e cm [45]. In addition to this, the EDMs of 
nucleons and atoms may also be important (for a recent review, 
see, e.g., Ref. [46]).
Several DM direct detection experiments are also planned. 
The XENON1T experiment [47] has a better sensitivity than the 
current LUX bounds by more than an order of magnitude, i.e., 
σ
p
SI = (1.2–50) × 10−47 cm2 for the DM mass in the range 
of 100–3000 GeV, which may be further improved to σ pSI =
(1.8–48) × 10−48 cm2 by the LZ experiment [48].
In summary, the entire region for our benchmark points will be 
fully testable in these future experiments.5. Conclusions
We have studied the phenomenology in the electroweak-
interacting fermionic dark matter (DM) with a singlet scalar portal 
model. The DM is the neutral component of the SU(2)L triplet 
fermion (Wino-like DM) that has both scalar and pseudoscalar 
couplings to the standard model (SM) singlet Higgs boson. There-
fore, CP symmetry can be violated at the renormalizable level. As 
long as the singlet–doublet Higgs bosons mixing is nonzero, such 
a CP violating effect is manifest in the visible sector. We have 
investigated the relationship between the electron EDM and the 
singlet-like Higgs boson mass and coupling, with and without the 
thermal relic scenario: mχ0 = 2900 GeV and 400 GeV, respectively. 
It is found that an O(1) CP-violating phase is still possible on 
account of the cancellation between the two Higgs boson contri-
butions when the two masses are close to each other.
We have also considered the direct detection bounds on the 
DM and found that if mH2  150 GeV and κV  0.99, the spin-
independent DM-nucleon cross section is σ pSI  O(10−46) cm2. 
Therefore, the upcoming XENON1T experiment can readily probe 
such a region. For mH1  mH2 , on the other hand, the cancella-
tion mechanism is effective so that the leading-order contribution 
vanishes, as observed in the ordinary Higgs portal DM scenarios. 
Nevertheless, since the DM participates in electroweak interactions 
in our model, the residual higher-order corrections still remain and 
amount to σ pSI  1.5 ×10−47 cm2. The current analysis have shown 
that our benchmark scenario will be entirely tested by the future 
experiments of the electron EDM, DM direct detection and Higgs 
physics.
Finally, we summarize by pointing out distinctive features of 
our model in comparison with two existing ones. In the model 
studied in Ref. [14], the Wino DM couples with the SM Higgs bo-
son via the dimension-5 operator H†Hχ¯ c(gS + iγ5gP )χ/, with 
 being a heavy mass scale. Within the effective ﬁeld theory 
framework, the regime with accidental cancellation, as explicitly 
shown in this Letter, is not properly treated. Therefore, the two 
models will have different signals in CP violation associated with 
Higgs physics. In the SU(2)L singlet fermionic DM model [9], the 
Higgs signal strengths are almost the same as those in our model. 
Even though its DM sector can also accommodate CP violation, the 
manifestation is so dim that the electron EDM is far below the de-
tectable level, a clear difference from our model.
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